This pa per dis cusses the in flu ence of biodiesel on the in jec tion, spray, and en gine char ac ter is tics with the aim to re duce harm ful emis sions. The con sid ered en gine is a bus die sel en gine with in jec tion
In tro duc tion
Care of en vi ron ment, in creas ing prices and un cer tain ties con cern ing min eral fuel avail abil ity ne ces si tate the search for al ter na tive fu els. In near fu ture, biodiesel fu els such as ethyl or methyl es ters from soy bean oil, rape seed oil, sun flower oil, etc. of fer a po ten tially very in ter est ing al ter na tive re gard ing harm ful emis sions, en gine wear, cost, and avail abil ity [1, 2] . Fur ther more, biodiesel does not con tain car cin o gens, such as poly ar o matic hy dro car bons and ni trous poly ar o matic hy dro car bons. When burned, it pro duces pol lut ants that are less det ri mental to hu man health [3] .
The ac tual in jec tion, fuel spray, and en gine char ac ter is tics, how ever, vary sig nif icantly in de pend ence on the used fuel, em ployed en gine, and en gine op er at ing re gimes [1] [2] [3] [4] [5] [6] [7] . It is known that higher den sity, sound ve loc ity, and bulk modulus of biodiesel cause ad vanced injec tion tim ing in in jec tion sys tems. Gen er ally, this is one of the rea sons for in creased NO x emission. To mod er ate the NO x emis sion in case of biodiesel us age, sev eral strat e gies are pos si ble, de pend ing on the in jec tion sys tem type [8] [9] [10] .
Most of the cur rently work ing die sel en gines have been de vel oped for op er a tion with min eral die sel fu els. For these en gines biodiesel can ob vi ously not be used with out any pre cautions. There fore, many in ves ti ga tions are still nec es sary to pre vent or at least mit i gate var i ous en gine or en vi ron men tal prob lems. Re gard ing the en vi ron men tal prob lems, both the in jec tion sys tem and the fuel play an im por tant role. This is be cause they in flu ence the in jec tion -fuelling, in jec tion rate, in jec tion pres sure, in jec tion tim ing (start of in jec tion), fuel spray -spray tip pen e tra tion, spray an gle, and mean drop let size (SMD), and con se quently the en gine char ac teris tics -emis sions, fuel con sump tion, and en gine per for mance [9, [11] [12] [13] [14] [15] [16] [17] .
This pa per fo cuses on a die sel en gine with me chan i cal inline fuel in jec tion M sys tem. More pre cisely, the in flu ence of prop er ties of rape seed oil biodiesel on the in jec tion, fuel spray, and en gine char ac ter is tics is con sid ered us ing the ex per i men tal work at peak torque and rated con di tions. Fur ther more, on the ba sis of ex per i ments this pa per deals briefly with the lu bri ca tion phe nom ena when biodiesel is used.
In the first sec tion the prop er ties of tested biodiesel and min eral die sel are dis cussed briefly. The next sec tion pres ents ex per i men tal setup and pro ce dures. In the fol low ing sec tions, in jec tion, spray, and en gine char ac ter is tics are ad dressed. Fur ther more, the in flu ence of biodiesel us age on fuel pump lu bri ca tion is dis cussed. Fi nally, in the last sec tion, the in flu ence of fuel prop er ties, in jec tion and spray char ac ter is tics is an a lyzed briefly in the con text of harmful emis sions re duc tion.
Tested fu els
Two fu els are tested: (1) neat die sel fuel D2, con form ing to stan dard EN 590 and (2) neat biodiesel fuel B100, con form ing to Eu ro pean stan dard EN 14214. Some mea sured prop erties of these fu els are given in tab. 1. The biodiesel fuel is pro duced from rape seed by Pinus, Slovenia. Some of its spec i fi ca tions are given in tab. 2. The fuel prop er ties have a no tice able in flu ence on en gine char ac ter is tics. For this reason the most im por tant prop er ties of tested fu els have been de ter mined ex per i men tally.
The fuel den sity is mea sured with density me ter DMA 35 PAAR. The fuel den sity, obtained by our ex per i ment at am bi ent pres sure, is pre sented in fig. 1 . One can see that the den sity in creases by de creas ing the fuel tem per a ture. The mea sure ment of sound ve loc ity in fuel was based on the prin ci ple of pres sure wave prop a ga tion on a spec i fied length of the high pres sure (HP) tube, in stru mented by two pi ezo elec tric based pres sure trans duc ers. A small plunger-type pump was used to in duce a pres sure wave which was reg is tered by both trans duc ers and si mul taneously ac quired by a computer aided measuring system [5] .
Ex per i men tal set-up and pro ce dures
The fuel in jec tion sys tem used in this re search is the me chan i cally con trolled fuel injec tion M sys tem, which con sists of a jerk pump, a HP tube and an in jec tor. Some spec i fi ca tions of this sys tem are given in tab. 3. The test bed of the fuel in jec tion sys tem is pre sented sche mat ically in fig. 2 . This sys tem was fully in stru mented in or der to mea sure the ba sic pa ram e ters, char acter is tic for sys tem op er a tion [5, 18] . A di a phragm-type pres sure trans ducer AVL 31DP 1200E was ap plied for mea sure ment of pres sure traces p I at the high pres sure pipe in flow just be hind the in jec tion pump. A pi ezo elec tric-type pressure trans ducer Kistler 6227 with charge ampli fier Kistler was ap plied for mea sure ment of pres sure traces p II within high pres sure tube just be fore the in jec tor. A spe cially de signed vari able-in duc tance sen sor was ap plied for the nee dle lift h n pickup. The po si tion of top dead cen ter (TDC) was mea sured by an op tic sensor. The fuel tem per a ture was mea sured at the in flow into and be hind the de liv ery pump. The in jected fuel quan tity was mea sured by collect ing the in jected fuel over 500 cy cles in a test glass. Us ing the fuel spray in jec tion sys tem the fuel was in jected into the glass cham ber and the spray was filmed with a high speed dig i tal cam era Phan tom v4.1. In side the cham ber there was at mo spheric pres sure. The cam era was placed at a dis tance of 2.5 m from the spray, about 20 cm be low the noz zle hole. Due to the na ture of spray char ac ter is tics, the frame rate of 2500 fps at the res o lu tion 128 ´512 was cho sen. The cam era was trig gered with fall ing elec tric pulse which was re corded to gether with the sig nal of TDC.
The sche matic di a gram of the en gine test bed is pre sented in fig. 3 . The en gine test bed con sists of an en gine and elec tro-dy na mom e ter Zöllner A-350AC, 300 kW, air flow rate me ter RMG, fuel con sump tion dy namic mea sur ing sys tem AVL, UHC an a lyzer Ratfisch, NO x chemoluminiscent an a lyzer Thermoelectron, O 2 an a lyzer Programmelectronic, CO an a lyzer Maihak, and smoke me ter AVL. Us ing a data ac qui si tion sys tem the in stan ta neous pres sure in the fuel high pres sure tube, the in stan ta neous pres sure in the cyl in der, the tem per a tures of fuel, am bi ent air, in take air, cool ing wa ter at in flow and out flow of the en gine, oil and the tem per a ture ex haust gases are mea sured also, fig. 3 [13] .
The mea sure ments of in jec tion, fuel spray, and en gine char ac ter is tics were per formed at peak torque and rated con di tions. Three cat e go ries of anal y ses are pre sented to study the fol low ing: -influence of fuels on injection, fuel spray, and engine characteristics, -influence of biodiesel on fuel pump lubrication, and -a possibility to reduce harmful emissions by adjusting properly the injection pump timing for B100.
It should be noted that through out this pa per it is as sumed that the load is de ter mined by the rack po si tion. This means that at the same load (and speed) the fuel ing for D2 will be some what dif fer ent than that for B100.
In jec tion, fuel spray, and en gine char ac ter is tics
In jec tion, fuel spray, and en gine char ac ter is tics are mea sured in lab o ra tory at am bi ent tem per a ture of about 20 ºC. Both tested fu els have been used to run the en gine with in jec tion pump tim ing (start of in jec tion pump de liv ery) of a i = 23 °CA BTDC (crank shaft an gle be fore top dead cen tre), which is pre scribed by the en gine pro ducer (for use with D2).
In jec tion char ac ter is tics
In jec tion char ac ter is tics us ing D2 and B100 at fuel tem per a ture of 20 ºC at peak torque con di tion are pre sented in fig. 4 . In jec tion char ac ter is tics us ing D2 and B100 at fuel tem per a ture of 20 ºC at rated con di tion are pre sented in fig. 5 . The most im por tant in jec tion char ac ter is tics are given in tab. 4 .
On the ba sis of anal y sis of in jec tion char ac ter is tics from figs. 4 and 5 and tab. 4 it is ev i dent that the fuel ling Q for D2 and B100 is prac ti cally the same. Fur ther more, the mean and max i mal val ues of in jec tion pressures p I and p II , mea sured be fore in jec tor, are higher when biodiesel is used. The dif fer ence be tween the in jec tion pres sures p I and p II arises due to differ ent fuel den sity, viscos ity, bulk modulus of elas tic ity (prod uct of fuel den sity and square of sound ve loc ity), and sound ve loc ity. The di agrams on figs. 4 and 5 show, that the in jec tion de lay (time be tween start of de liv ery and start of injec tion) de creases when us ing B100. That means that by us ing B100 the injec tion tim ing t in,t is advanced. For the dif ference of in jec tion tim ing, the dif fer ences in vis cosity and in bulk modulus, which af fect the speed of sound, are re spon si ble. A higher sound ve loc ity and den sity leads to higher bulk modulus of B100, which leads to a more rapid pressure wave prop a ga tion from the pump to the nee dle noz zle and an ear lier nee dle lift. Higher vis cosity of B100 leads to re duced fuel losses dur ing in jec tion pro cess, to faster evo lu tion of pres sure and thus to ad vanced in jec tion tim ing. Ta ble 4 shows that when us ing B100 the fuel quan ti ties dur ing nee dle lift ing, Q n,l , and dur ing nee dle clos ing phase, Q n,c , are smaller. Be cause of the smaller Q n,l B100 of fers a po ten tial to re duce the harm ful NO x emis sions mean while smaller Q n,c may be uti lized to re duce smoke and par tic u late mat ters (PM) emis sions.
Fuel spray char ac ter is tics
The dif fer ent prop er ties of D2 and B100 lead to dif fer ent in jec tion char ac ter is tics and con se quently to dif fer ent fuel spray. As an ex am ple, fig. 6 shows the spray com par i son for D2 and B100 at peak torque con di tion. At rated con di tion the fuel spray com par i son for both fu els is pre sented in fig. 7 .
On the ba sis of ex per i men tal re sults it can be con cluded, the biodiesel spray an gle is nar rower and the pen e tra tion length is larger. Some of the most im por tant rea sons for that are low fuel va por iza tion, worse at om iza tion, and higher in jec tion pres sure of B100. Worse at omiza tion is a con se quence high sur face ten sion and vis cos ity of B100. This leads to higher spray tip pen e tra tion, tab. 5.
En gine char ac ter is tics
Fuel prop er ties like den sity, vis cos ity, sound ve loc ity, bulk modulus, cetane num ber, ox y gen con tent, and so on, have also sig nif i cant ef fects on start of com bus tion and pre mixed and dif fusion burn peak and over these on the emis sion and other en gine per for mances. The in flu ence of fuel on en gine char ac teris tics is tested by run ning the en gine with injec tion pump tim ing pre scribed for D2. The com par i son of some en gine char ac ter is tics of D2 and B100 at peak torque and rated con ditions is shown in fig. 8 and in fig. 9 , sep arately. At both op er at ing re gimes, the en gine ef fec tive torque M e and power P e de creases by about 5% us ing B100 while the ef fec tive spe cific fuel con sump tion g e (for the ac tual fuel mass) in creases by about 10%. On the other hand, the tem per a tures of ex haust gases T g,e are lower by about 30 ºC, which may be due to the lower cal orific value of B100. To com pare the fu els which have dif fer ent cal o rific val ues, the brake thermal ef fi ciency is pre sented also. This quan tity is de fined as the ac tual ef fec tive power di vided by the amount of fuel chem i cal en ergy (fuel con sump tion rate mul ti plied by cal o rific value). In spite of higher ef fec tive spe cific fuel con sump tion g e for B100 at both op er at ing re gimes, the brake ther mal ef fi ciency is prac ti cally the same for both fu els.
Ta ble 4. In jec tion char ac ter is tics
By com par ing the emis sions of NO x , smoke, CO, and unburned HC, it is ev i dent that the NO x emis sion in creases at rated condi tion a lit tle more then at peak torque con dition when us ing B100. An op po site ef fect is ob served for the smoke. The CO and HC emis sions are lower when us ing B100 almost at all en gine speeds, ex cept the HC emis sion at peak torque. The lower CO, HC, and smoke emis sions, when us ing B100, are likely due to the fact that biodiesel con tains more ox y gen, which helps to ox idize these com bus tion prod ucts in the cyl in der.
From the ob tained re sults, it is ev i dent that the low est CO emis sions are ob tained at peak torque with B100. The low est HC emis sions are ob tained at rated con di tion with B100. Regard ing the smoke and NO x emis sions, it can be con cluded that B100 re duces smoke to a great ex tent, mean while it in creases the NO x emis sion by about 5% . Fig ure 7 . Fuel spray char ac teris tics at rated con di tion (color im age see on our web site)
Ta ble 5. Spray pen e tra tion
Op er at ing con di tion D2 B100
Peak torque 31.9 cm 32.8 cm Rated 32.5 cm 33.8 cm
Fig ure 8. En gine char ac ter is tics at peak torque con di tion
Biodiesel in flu ence on fuel pump lu bri ca tion
To de ter mine the differ ences in pump plunger sur face due to the us age of dif fer ent fu els, the electronic mi cro scope is used. For this rea son the ex am ina tion of the sur faces before the us age of biodiesel (af ter 500 000 km and after com plete re fit) and after its use (for a pe riod of 110 hours of test ing) has been done. The in flu ence of biodiesel on the pump plunger sur face is pre sented in fig. 10 (mag ni fi ca tion 1000´, 50 mm). For the de ci sional pa ram e ter the sur face area po si tioned close to the top of the pump plunger has been se lected. This is be cause this sur face has a crit i cal in flu ence on the in jection pres sure. It turned out that un der the mi cro scope the sur face looked al ways pretty the same, re gard less of the fuel used.
To de ter mine the dif fer ence in the rough ness of the pump plunger sur face due to biodiesel us age, some rough ness pa ram eters are de ter mined. The arith metic rough ness av er age R a , quadratic rough ness av er age R q , max i mum peak to val ley height R y , and av er age peak to val ley height R z are de ter mined on the pump plunger wall and the head.
Biodiesel us age in flu ences the sur face rough ness pa ram e ters at the pump plunger wall to a small ex tent, fig. 11 . On the contrary, biodiesel in flu ence is rather sig nif i cant at the pump plunger head, fig. 12 . One can see that the sur face rough ness at the pump plunger head in creased by a fac tor of two when biodiesel was used for about 110 hours. Luck ily, for fuel leak age in the HP pump, the sur face rough ness at the pump plunger head is not as im por tant as the rough ness at the pump plunger wall. For this rea son, the ob tained re sults are not alarm ing, al though some further tribology in ves ti ga tions would be nec es sary to eval u ate the sit u a tion more pre cisely. A good pump plunger sur face, il lus trated sche mat i cally in fig. 13 , in fact ap prox i mates the most worn sur faces, where lu bri ca tion is ef fec tive. Such sur faces tend to ex hibit the fa vorable sur face pro file, i. e., quasy-pla nar pla teau sep a rated by ran domly spaced nar row grooves.
From fig. 13 and tab. 6 it can be con cluded that greater rough ness, ob tained af ter biodiesel us age, will not worsen the slid ing con di tion at pump plunger walls. Af ter biodiesel usage the av er age value of the root mean square rough ness be comes rel a tively lower; in fact it falls 0.45a to 0.40a, which could be an in di ca tion for im proved lu bri ca tion con di tions.
Emis sions re duc tion by en gine mod i fi ca tion
The ex per i men tal re sults of in jec tion, fuel spray and en gine char ac ter is tics lead to the fact that the pump in jec tion tim ing has to be re tarded by us ing biodiesel in the die sel en gine. The tested val ues of pump in jec tion tim ing were 23, 22, 21, 19, and 18 °CA TDC. The ob tained results show that for B100 the min i mal spe cific fuel con sump tion g e is ob tained with a i = 19 °CA TDC. This can be ex plained with the na ture of fuel in jec tion of the em ployed en gine. The M injec tion sys tem with its sin gle-hole in jec tion noz zle, is ori ented so that most of the fuel is de pos - ited on the pis ton bowl walls. The use of a bowl-in-pis ton com bus tion cham ber re sults in a substan tial swirl am pli fi ca tion at the end of the com pres sion pro cess. The air swirl in creases as the pis ton ap proaches top dead cen ter, in flu enc ing sig nif i cantly the fuel-air mix ing rate. It is known, how ever, that op ti mum (and not max i mum) swirl level gives min i mum spe cific fuel con sumption. Ob vi ously, the op ti mum swirl for B100 fuel was ob tained at a i = 19 °CA TDC. At that setting the max i mum cyl in der pres sure is lower by about 15 bar com pared to D2 with stan dard a i = = 23 °CA TDC. The tem per a tures of ex haust gases are also at low lev els.
On the ba sis of ex ten sive anal y sis, the in jec tion pump tim ing a i = 19 °CA TDC was de termined as the op ti mal pump in jec tion tim ing for the em ployed en gine and tested biodiesel fuel. This set ting of fers good com pro mise be tween all en gine char ac ter is tics at sev eral en gine load and speed re gimes. Fig ure 14 shows the com par i son of the most in ter est ing en gine charac ter is tics when D2 and B100 are used at peak torque con di tion. Compared quan ti ties are the ef fec tive power P e , effec tive spe cific fuel consump tion g e , ther mal effi ciency, tem per a ture of ex haust emis sions T g e as well as emis sions of CO, HC, NO x , and smoke. At rated con di tion the compar i son be tween op ti mal pump in jec tion tim ing for B100 with prescribed pump in jec tion tim ing for D2 is presented in fig. 15 . 
